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INTRODUCTION
The reliable determination of the carbon concentration (TOC) and isotopic composition (δ 13 C org ) of organic matter (OM) in the rock record have been regarded as key proxies for the interpretation of paleoenvironmental and paleoclimatic processes. They are widely used for instance, to identify OM provenance (e.g. aquatic versus terrestrial source; Meybeck, 1982; Hedges et al., 1986; Tyson, 1995; Meyers, 1997) and mineralization processes (e.g. Freudenthal et al., 2001; Leng and Marshall, 2004) , and to inform about past atmospheric pCO 2 (e.g. Fischer et al., 1998) , past primary productivity (e.g. Dumitrescu and Brassell, 2006; Adams et al., 2010) and changes in the global carbon cycle through time (e.g. Schidlowski and Aharon, 1992; Hayes et al., 1999) . These interpretations depend on the assumption that we can accurately and reliably determine TOC and δ 13 C org . Questioning this reliability may seem odd given that these parameters have now been routinely analyzed for decades in many laboratories. However, in the case of rock samples containing very low TOC abundances (<0.1 mg/g), possible contamination by modern OM compounds has not yet been systematically investigated. There are several potential sources of post-depositional OM contamination, notably associated with subsurface biological activity, groundwater penetration, sampling and storage (e.g. Brocks et al., 2003a; Brocks et al., 2003b; Gérard et al., 2009 , Brocks, 2011 . This contamination issue has been clearly illustrated by biomarker studies focusing on soluble organic matter (i.e. bitumen) of Precambrian rocks, which has been shown to be susceptible to a contaminating overprint (e.g. Brocks et al., 2008; Brocks, 2011; Illing et al., 2014) . In contrast, the insoluble macromolecular OM (i.e. kerogen), characterized by covalent bonds, is generally accepted as unaffected by modern contamination and considered syngenetic to the host rock, thus representing a 'robust' indigenous organic fraction (Brocks et al., 2003a; Marshall et al., 2007) . In order to clean rock samples from modern organic contaminations prior to analyses of TOC and δ 13 C org , it is thus
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5 tempting to remove their soluble fraction -especially in the case of low TOC samples, where the modern contamination may represent a higher proportion of the total OM than indigenous kerogen. Different solvents such as dichloromethane-ethanol mixtures are frequently used before the decarbonation by acid treatment. In most cases, solvents are applied to small pieces of rock sample devoid of fractures and assuming that the modern contamination did not penetrate into the rocks' porosity (e.g. Wright et al., 1997; Beaumont and Robert, 1999; Derenne et al., 2008) . Others prefer to wash rock powders with organic solvents, in order to ensure the complete decontamination of the sample (e.g. Thomazo et al., 2009) . However,
given the organic nature of the solvents themselves, as well as trace impurities therein, solvents have previously been suspected to contaminate very low TOC samples (Wright et al., 1997) .
In this context, the aim of the present study is to establish in what circumstances solventcleaning treatments can be responsible for contamination, rather than decontamination, affecting the stable carbon isotopic composition of various samples with low carbon content.
Solvents of varying polarity, such as methanol (MeOH), dichloromethane (DCM) and nhexane can be used to clean rock samples from modern contaminations, but any potential pollution by these solvents has never been investigated. To examine the extent to which the cleaning procedures can modify the TOC and δ 13 C org in different types of samples, three independent series of tests were performed in three different laboratories. At the IPGP (Paris, France) and the Biogeosciences Laboratory (Dijon, France), we looked into the effect of DCM treatment, which is the most widely used solvent for rock cleaning, on TOC and δ 13 C org in Precambrian sedimentary rocks from the Turee Creek Drilling Project (TCDP) drill core (Philippot et al., in review) . To do so, we compared TOC and δ 13 C org results obtained on DCM treated samples to those of untreated samples. At the Max-Planck-Institute for Biogeochemistry (Jena, Germany) and the MARUM (Bremen, Germany), the contamination
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A C C E P T E D M A N U S C R I P T (Trendall, 1981; Thorne and Tyler, 1996) . Metamorphism of these deposits did not exceed ~300 °C (Smith et al., 1982; Rasmussen et al 2005 
A C C E P T E D M A N U S C R I P T 7 and 2 orthoquartzites from the Koolbye Formation. Petrographically, the samples show a broad range of carbonate concentrations from 2 % to 68 %, mainly composed of calcite and ankerite according to XRD analyses ( Table 1) . They also contain differing proportions of quartz, chlorite, muscovite and albite.
METHODS
The rock samples were powdered to <100 µm using an agate ring and puck mill. 
Combined DCM cleaning and acid attack
The first aliquot of the sample powders (~3 g) was loaded in 50 mL falcon tubes, mixed with 35 mL of a dichloromethane (CH 2 Cl 2 ) and absolute ethanol (99.8 %) solution with a 9:1 ratio and continuously agitated for 30 min using an automatic digital rotator. The dichloromethane used in this study (RS Pestipur, n°442260) was manufactured by Carlo Erba Reagents, already stabilized with 0.3 % of ethanol, and certified for PAHs (Polycyclic Aromatic Hydrocarbons) ≤ 0.1 µg/L. After centrifugation, the residues were washed several times with deionized distilled water and dried at 50 °C in an oven. The residues were subsequently reacted with excess HCl 6 N at room temperature overnight, followed by 4 h at 80 °C to remove carbonate phases. After decanting, the residues were rinsed with deionized distilled water until neutral, centrifuged (3500 rpm for 5 minutes), and dried at 50 °C overnight.
Aliquots of dried decarbonated samples (~3-60 mg) were then weighed into tin capsules (Säntis Analytical AG). The TOC content and δ 13 C org values were determined at the 
Acid attack by chromium reduction
The second aliquot of the sample powders was reacted in a sub-boiling acidic CrCl 2 solution.
The CrCl The carbon contamination content (TOC cont ) can be estimated for each sample by mass balance, following Eq. (1):
with the associated error:
Here, the DCM treatment induced a significant contamination between 400 and 6700 ppm, in other words between 35 and 79 % of the total TOC in the DCM-treated samples ( Figure 1C ).
This contribution is subsequently used in Eq. (2) to calculate the δ 13 C of the contaminant (δ 13 C cont ) through isotope mass balance:
The δ 13 C cont varies between -25.5 and -28.0 ‰ with an average error of ±1.3 ‰ calculated through error propagation following ( Table 2) :
Although the proportion of contamination varies widely between the samples, it presents a relatively constant δ 13 C cont value around -27.2 ± 0.8 ‰ (1σ, Figure 2 ). This value is similar to the average δ 13 C org value of the samples treated with DCM (-27.4 ± 0.5 ‰).
The observed variation of contamination proportions in TCDP3 samples (from 35 to 79 %)
does not seem to be linked to differences in sample lithology. No correlation could be identified between the TOC cont and the abundance of the main mineralogical phases in the samples (Figure 3) . Considering the uniformly low TOC content of our samples, the absence of significant co-variation between the TOC cont and the organic carbon content is not surprising. Therefore, we cannot draw firm conclusions about the precise contribution of the mineralogy and OM content to the fixation of the contaminants.
It could be interesting in the future to further investigate the effects of DCM treatment on natural samples of different mineralogy with more variable TOC and organic matter maturity in order to better characterize the absorption processes of contaminants depending on the matrix. These aspects are partially explored in the following section.
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CARBON CONTAMINATION BY SOLVENTS IN CLAYS
For this part, we investigated the intensity of contamination induced by DCM, methanol (MeOH) and n-hexane cleaning treatments as a function of two different mineral species: pure kaolinite and montmorillonite. These experiments were performed at the Max-Planck-Institute for Biogeochemistry (Jena, Germany) and the MARUM (Bremen, Germany).
MATERIAL AND METHODS
Powders were the same as those used in Leider et al. (2016 All glassware underwent combustion at 500 °C for 6 h before use. Spatula and tweezers were cleaned with organic solvents. Kaolinite and montmorillonite powders (ca. 5 g each) were transferred into glass beakers, covered with aluminum foil and combusted at 500 °C for 6 h.
After cooling, the same amount of each powder (ca. 1 g) was distributed into three separate 40 mL 'ASE vials'. Each sample batch containing kaolinite and montmorillonite was extracted using 10 mL of MeOH (Merck, SupraSolv: max 3 ng/mL of residual n-C 11-40 alkanes), DCM (Merck, UniSolv: max 2 ng/mL of residual n-C 11-40 alkanes) or n-hexane (Merck, SupraSolv: max 3 ng/mL of residual n-C 11-40 alkanes) as organic solvents by ultrasonic agitation in a water bath for 5 minutes. After settling, supernatants were discarded and wet powders were dried under the fume hood covered with aluminum foil overnight, and subsequently on a heating plate at 80 °C for 2 h. Triplicates of 40 mg of extracted dry powders were weight into tin cups before bulk δ 13 C analysis. Additional triplicates of powder blanks were directly weight into tin cups after combustion.
Samples in tin cups (Lüdiswiss Sn98) were analyzed after online combustion to CO 2 in an inhouse refurbished and modified (MPI-BGC) Finnigan MAT Delta C prototype isotope ratio
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A C C E P T E D M A N U S C R I P T 12 monitoring (irm) MS coupled to a Carlo Erba EA-11 via a ConFlo III interface. The stable carbon isotopic values are reported in the permil notation relative to V-PDB after calibration against NBS-22 (δ 13 C = -30.031 ‰) reference material. The long-term instrumental precision is better than ±0.12 ‰, while the standard deviation for triplicate measurements of the samples reported here is given in Table 3 .
RESULTS & DISCUSSION
For kaolinite, the measurements of carbon content in both treated and untreated samples are below the detection limit (Table 3) . Therefore, the contamination by solvents can be Figure   4 ). Moreover, the addition of carbon in these samples ranges between 500 and 1400 ppm on average compared to the untreated sample (which is below the detection limit) and suggests a large contamination by solvents. This range of contamination is similar to that observed in the TCDP3 samples (between 400 and 6700 ppm). The maximum contamination was induced by DCM treatment and is associated with the lowest δ 13 C values (Figures 4 and 5) .
Montmorillonite is a clay mineral with a greater surface reactivity than kaolinite (Carroll and Starkey, 1971, Kowalska et al., 1994) , which may explain why kaolinite was not contaminated by the solvent. However, both kaolinite and montmorillonite were combusted at 500 °C for 6 h. At this temperature, kaolinite loses its crystalline structure to become an amorphous "metakaolin", and montmorillonite loses molecular and hydroxyl water (Bradley and Grim, 1951; Glass, 1954) . This thermal treatment thus changes dramatically the properties of these clay minerals compared to natural/original polymorphs clays. Amorphous metakaolin will likely have very different properties compared to its crystalline counterpart.
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The montmorillonite, having lost its water, may be much more prone to incorporate organic contaminants.
Otherwise, all samples contaminated by solvents display similar δ 13 C values oscillating around -28.0 ± 0.4 ‰. This value is consistent with the δ 13 C value previously calculated for DCM contamination in the previous section (-27.2 ± 0.8 ‰, Figure 2) . It supports the idea that all the organic solvents including methanol, n-hexane and DCM tend to buffer the natural variability of the samples and homogenize the δ 13 C values around -28 ± 1 ‰ (based on the results of Sections 2 and 3). In summary, this study suggests that the intensity of the contamination depends on both the solvent and the mineralogy of the samples considered.
Based on the results on montmorillonite, DCM seems to be the solvent which introduced the most contamination into rock samples.
EFFECTS OF GRAIN SIZE ON CARBON CONTAMINATION BY
SOLVENTS
In this third set of experiments, we focused our investigations on the effect of grain size on the contamination by solvents. This time, the experiments were performed at the Department of Earth and Space Sciences, University of Washington (Seattle, USA) on pure quartz samples.
MATERIAL AND METHODS
Pure silica sand (Fisher Scientific, mesh 40-100) was baked at 1000 °C to remove any initial contaminants. A sub-sample of the sand was then pulverized into a fine powder (< 63 µm) with an Al 2 O 3 ceramic puck mill. The powder was baked again at 1000 °C to remove any contaminants that may have been added during the milling process. The peak area was calibrated for total organic carbon content with a relative error of 14 %.
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RESULTS AND DISCUSSION
The presence of carbon in untreated sand (33. 
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15 include adsorption of airborne dust. The isotopic composition of the untreated powder can thus be considered as a blank value. Both quartz sand and powder record similar changes in TOC when treated with n-hexane compared to untreated samples (Figure 6 ). This suggests that solvents contaminate crushed samples independently of the grain size likely because a fixed residue of non-volatile contaminants remained in the centrifuge tubes after the bulk of the solvents had been decanted. The contamination was therefore independent from the surface area of the material. In both cases, this contamination is associated with a shift in δ 13 C values toward negative values (Figure 7) . In sand the δ 13 C value reflects the contribution of impurities contained within the grains and the contamination by solvents, whereas in powder we can assume that impurities have been removed by baking so that δ 13 C represents only the solvent contribution. With that assumption, we can estimate the expected isotopic composition of the hexane-treated sand. If the pure hexane adds 72 ppm carbon to the sand (106 ppm -33.8 ppm, Table 4 ) with a composition of -29.5 ‰, then the expected isotopic composition of the mixture should be -25.9 ‰. This value is slightly more negative than the measured value of -22.5 ‰, which is most likely attributable to uncertainties in the abundance and isotopic measurements of small carbon quantities. It is however unlikely that this difference was caused by an uncharacterized contaminant, because this contaminant should also have had affected the alcohol-and acid-treated samples, which were processed at the same time with the same equipment. The isotopic results for solvent treated powders are nearly indistinguishable within error, whereas the concentrations differ significantly (see
Figures 6 and 7).
Hence it is unlikely that contamination is simply a result of solvents changing the surface properties of the sand powder.
Samples treated with DCM show once again the highest contamination (Figure 6 ) with an average δ 13 C value of -27.8 ± 0.2 ‰ (n=2, Figure 7 ). This value is consistent with the results presented in the two other studies using DCM (-27.2 ± 0.8 ‰ in section 2 and -28.7 ± 2.8 ‰
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
16 in section 3). These results obtained in three independent laboratories with different solution brands suggest that DCM has a mean carbon isotopic composition of -27.9 ‰ despite the exact values not being measured for each solution. Similarly, the n-hexane contamination on quartz has a δ 13 C value of -29.5 ± 1.1 ‰, which is close to the value obtained on montmorillonite (-27.6 ± 0.6 ‰ in section 3), even though the solvents come from different laboratories. By contrast, ethanol does not contribute to carbon contamination and it may help to remove some of the contamination introduced by n-hexane (Figure 6 ). HCl treatment also appears to not add measureable amounts of organic contamination to the sand and may also help to clean the sample of impurities to some degree (Figure 6 ).
CONCLUSIONS
Organic solvents are sometimes used to remove modern organic matter from old rock samples, in order to clean them to obtain more reliable analyses of the bulk organic matter (i.e. kerogen). However, when applied to samples with low carbon content, this 'cleaning' process can be responsible for a non-negligible carbon contamination, inducing changes in TOC and δ 13 C values. In order to quantify the effect of this contamination, three independent studies performed in different laboratories yielded similar results. We show that cleaning treatments with methanol, n-hexane and dichloromethane contaminate rock samples when used directly on sample powder, regardless of the grain size. This pollution is associated with changes in δ 13 C values, which tend to homogenize all samples around the isotopic composition of the solvent deduced from this study as between -27 and -29 ‰. In the future, it would be interesting to have a direct estimate of the isotope composition(s) of blanks with solvents, maybe after several heating steps in order to fully address the source of the contamination(s).
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dichloromethane and methanol contaminations in low C micrometeorites. Our results extending this finding to rock matrices are consistent with the previous observations that the proportion of contamination depends on the solvent used, with DCM being the most contaminating product. Ethanol is the only solvent that does not seem to contaminate rock samples and even appears to inhibit contamination. However, in cases of pre-existing contamination by hydrocarbons, bitumens, oils or drilling fluids, polar solvents such as ethanol will not be able to quantitatively remove these non-polar contaminants by extraction.
The degree of contamination was also found to depend on the mineralogy of the sample.
Some minerals like meta-montmorillonite (heated at 500 °C) capture carbon contaminants more efficiently than others, such as "metakaolin". However, we did not observe such a correlation between contamination rate and mineralogy in natural samples. To identify the exact processes implied in this sequestration it would be important to do more experiments on various minerals with particular properties such as chlorite but also on natural samples with varying TOC content, kerogen types and thermal maturities. In light of our preliminary results, we recommend that researchers: C value of untreated montmorillonite in grey is only approximated (see Table 3 for details). 
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HIGHLIGHTS:
-Carbon contamination by organic solvents induces changes in TOC and δ
13
C values in low TOC rock samples.
-Contamination rate depends on the solvent used and sample mineralogy.
-Methanol, n-hexane and DCM were found to systematically contaminate powdered samples.
-Ethanol is the only solvent that does not seem to contaminate rock samples and even appears to protect against contamination.
